Thromboembolism and pulmonary hypertension have been assessed as factors in the production of pulmonary arteriosclerosis. A study was made of autopsy records and tissue sections from 59 cases of congenital heart disease with anomalies permitting shunting of blood from the systemic to the pulmonary circulation and 31 cases of pulmonary stenosis with septal defect. Pulmonary arteriosclerosis was found to be common and of equal frequency in the two groups of cases, indicating that hypertension is not a necessary factor. There was a close correlation between the presence of pulmonary arterial thrombi and pulmonary arteriosclerosis. E XTENSIVE STUDIES of pulmonary arteriosclerosis have disclosed a number of etiologic factors of possible importance. Hypertension and thromboembolism are the two factors that have been recently considered most important. Another factor which must be considered in certain cases is increased rate of flow.
Thromboembolism and pulmonary hypertension have been assessed as factors in the production of pulmonary arteriosclerosis. A study was made of autopsy records and tissue sections from 59 cases of congenital heart disease with anomalies permitting shunting of blood from the systemic to the pulmonary circulation and 31 cases of pulmonary stenosis with septal defect. Pulmonary arteriosclerosis was found to be common and of equal frequency in the two groups of cases, indicating that hypertension is not a necessary factor. There was a close correlation between the presence of pulmonary arterial thrombi and pulmonary arteriosclerosis.
E XTENSIVE STUDIES of pulmonary arteriosclerosis have disclosed a number of etiologic factors of possible importance. Hypertension and thromboembolism are the two factors that have been recently considered most important. Another factor which must be considered in certain cases is increased rate of flow.
Thrombo-embolism: The work of Duguid' has stimulated a series of experiments demonstrating that fibrous intimal plaques can be produced in the pulmonary arteries of rabbits by intravenous injection of emboli composed of blood clot.2-6 It has been established by Rich7 that pulmonary arterial thrombi frequently occur in patients with congenital pulmonary stenosis. He attributed this frequency to sluggish pulmonary blood flow and polycythemia, both of which increase the likelihood of intravascular thrombosis. In the study being presented here, a search for thrombi in the pulmonary arteries has also been made on a series of cases of the hemodynamically opposite conditions, the congenital anomalies with shunting of blood from the systemic circulation to the pulmonary circulation (hereinafter referred to as left-to-right shunt). These patients with left-to-right shunt usually have normal or reduced numbers of circulating erythrocytes.s They also have increased rate of pulmonary blood flow or pulmonary hypertension, or both. Several reports have described thrombosis of small pulmonary arteries in such cases, but these cases have commonly been classified as "'pulmonary arteritis".9' 10 Hypertension: The fibrous intimal thickening often described in cases with left-to-right shunt has been considered the result of pulmonary hypertension.' Barnard6 considered the concentric fibrous intimal lesions found in the pulmonary arteries of rabbits injected intravenously with blood clot to be due to concomitant hypertension.
In this study we are evaluating the effect of pulmonary hypertension on the pulmonary arteries in cases of congenital heart disease with left-to-right shunt. Comparison will be made with cases having pulmonary valvular or infundibular stenosis and a septal defect (hereinafter referred to as "pulmonary stenosis"), mainly tetralogy of Fallot, which in general have low or normal pulmonary arterial pressures,'2 and with "normal" controls.
Rate of Flow: Patients with congenital anomalies that permit left-to-right shunting of blood must have either increased rate of pulmonary blood flow, pulmonary hypertension, or both. Exact physiologic data are necessary to determine the rate of flow but they are not available in these cases, making it impossible to evaluate rate of flow per se as a factor. Nevertheless, increased rate of flow has been considered as a factor in the genesis of arteriosclerosis in other 5  6  7  8  9  10  11  12  13   14  15  16  17   18   19  20  21  22  23   24  25  26  27  28  29  30  31  32  33  34   35t   36  37  38  39   40t   Age TABLE 2 A second control group (table 4) was composed of 39 autopsies of patients ranging from 3 months to 39 years of age that had no demonstrable cardiovascular abnormalities and no evidence of chronic pulmonary or generalized thrombotic disease. These cases were selected consecutively by age from the recent autopsy material and will be referred to in this paper as "normal" controls.
Material studied from these three groups of cases consisted of the blocks of lung tissue taken routinely at autopsy and embedded in paraffin. In a few cases additional tissues that had been preserved in formalin were extensively recut, and they established that the changes were sufficiently uniform and widespread to be represented in the routine sections. The lung sections from all were stained with Verhoff-van Gieson or aldehyde fuchsin-van Gieson-iron hematoxylin. These elastic and connective tissue stains were found necessary for detailed study of lesions. Paraffin sections from selected cases were stained by the periodic acid-Schiff leukofuchsin technique, with toluidine blue and with Weigert's fibrin stain. Oil red 0 stains for lipids were done on sections cut with the freezing microtome from selected cases. All of these stains and in the normal controls, comparable lesions had the same structural and histochemical features. The following descriptions of specific types of lesions will therefore apply to all types of cases studied.
Large muscular arteries and elastic arteries were infrequent in the tissue sections as most of the tissue blocks had been taken from the periphery of the lungs. The lesions described were found principally in small muscular arteries and arterioles. In each age-group the incidence of fibrous intimal thickening was similar for the two abnormal groups (left-to-right shunt, pulmonary stenosis). The incidence increased progressively with the age of the patients. In the age-groups over 10 years, the incidence was 100 per cent in both abnormal groups. In the age groups under 20, the incidence was much higher in the patients with either type of congenital cardiovascular anomaly than in the "normal" controls ( For further comparison of these two abnormal groups it was decided to restrict ourselves to the age-group 1 through 20 years, since lesions were very frequent in this age-group whereas "normal" controls of this age showed very few lesions. In this age-group were 18 cases of pulmonary stenosis and 23 cases of left-to-right shunt.
On averaging the frequency of lesions in each of the two abnormal groups (age-group 1 through 20 years) almost identical figures were obtained, 2.1 for cases of pulmonary stenosis and 2 for left-to-right shunts. However, the average severity of the lesions was grade 1.9 for those having pulmonary stenosis and grade 2.6 for those with left-to-right shunt. On plot- ting the distribution of grades in the two groups, the difference was found to be statistically significant (chi square test, 5 per cent level). However, the grading was to a great extent subjective. Therefore, the only difference detected between the two abnormal groups was the greater severity of fibrous intimal thickening of small arteries and arterioles in the cases with left-to-right shunt.
Thrombi: In 39 per cent of patients with pulmonary stenosis and in 25 per cent of patients with left-to-right shunt thrombi were demonstrated in the pulmonary arteries. This incidence in pulmonary stenosis is much less than the percentage reported by Rich,7 which is in part explained by the fact that more of our cases were less than one year of age and in some of his patients dying in the postoperative period, there were only recent thrombi. In all of our cases in which there were thrombi, some were organizing.
The incidence of thrombi increased with the increasing age of the patients. In the age-group 1 through 20 years, thrombi were encountered in 56 per cent of those with pulmonary stenosis and in 44 per cent of those with left-to-right shunt. In such small groups, we consider these figures essentially equal. The frequency of thrombi in each case was graded. An average of one to three per tissue section was "1,, four to six was "2", and more "3". The average frequency of thrombi in the age-group 1 through 20 years was similar (1.9 and 2.1) in the two abnormal groups (left-to-right shunt and pulmonary stenosis). In "normal" controls in the age-group 1 through 20 years the incidence of thrombi (25 per cent) was less than in either abnormal group and the average frequency of thrombi (1.0) The second method of approach regarding the effects of hypertension was the comparison of the left-to-right shunt group with the pulmonary stenosis group. The presence of large numbers of obstructive arterial lesions in individuals with a normal circulation will result in pulmonary hypertension.'9 Even less obstruction should be required for production of hypertension in the presence of a left-to-right shunt. On the other hand, in the presence of pulmonary stenosis and a septal defect, the pulmonary arterial pressure should remain low even in the presence of large numbers of obstructive lesions.
Since most of our patients in the age-group 1 through 20 years with left-to-right shunt showed multiple obstructive lesions, we can assume that as a group they had a higher pulmonary arterial pressure than the corresponding pulmonary stenosis group. As previously stated, the incidence and frequency of fibrous intimal thickening in the 2 groups are similar. The severity of lesions was significantly greater in the left-to-right shunt group (tables 2, 3 and 4).
DISCUSsION
Association of pulmonary arteriosclerosis and thrombi: Pulmonary arteriosclerosis was found to be common in patients with either left-toright shunt or pulmonary stenosis. In our cases there was a striking association of fibrous intimal thickening characteristic of arteriosclerosis with pulmonary arterial thrombi regardless of the type of congenital anomaly present. This close association of pulmonary arteriosclerosis and thrombi suggests that one resulted from the other. Since most of the clearly recognizable thrombi were found in vessels with no preexisting arteriosclerosis, it is unlikely that the arteriosclerotic lesions led to the formation of thrombi. Therefore, it is necessary to consider the reverse possibility, which is that the arteriosclerotic lesions resulted from the thrombi.
Role of thrombi in the production of pulmonary arteriosclerosis: The arteriosclerotic lesions may actually be an unusual form of organized thrombi or the lesions may result from hemodynamic alterations produced by the thrombotic vascular obstructions. In support of the former possibility, we were able to demonstrate transition stages from clearly recognizable thrombi to arteriosclerotic lesions.
The idea that pulmonary arteriosclerotic lesions can arise directly from the organization of thrombi is a radical one but a great deal of supporting evidence has been accumulated in recent years. Fibrous intimal thickening of the pulmonary arteries characteristic of pulmonary arteriosclerosis has been produced in experimental animals by repeated intravenous injection of thrombi.2 6 The stages of development from thrombi to arteriosclerotic lesions have been demonstrated by sacrificing the animals at suitable intervals.
In our human cases, we searched for evidence indicating that a similar sequence of events had occurred. It is quite possible that most thrombi in pulmonary vessels lyse completely leaving no permanent change in the vessel walls. It figure 3F .
Role of hypertension in the production of pulmonary arteriosclerosis: The possibility that fibrous intimal thickening of the pulmonary arteries can be produced by hypertension alone cannot be excluded. However, similar intimal lesions were present in patients with either left-to-right shunt or pulmonary stenosis. Since patients with pulmonary stenosis are generally expected to have low or normal, rather than high, pulmonary arterial pressures, hypertension may not be a necessary factor in the production of fibrous intimal thickening.
The severity of intimal lesions was greater in the cases with left-to-right shunts than in those with pulmonary stenosis. This difference in degree suggests that hypertension or increased rate of flow increases the fibrous intimal response to thrombi, acting as an accessory but not essential factor in the production of fibrous intimal thickening.
Evidence that pulmonary hypertension alone does not readily produce arteriosclerosis is found in our data concerning the patients ill the first three years of life. Arteriosclerotic lesions were seen in seven patients less than 1 year of age, and the lesions were severe in one patient 9 months of age in which numerous thrombi were also present. In only two of these cases was there morphologic evidence suggesting the presence of pulmonary hypertension since birth. On the other hand, there were six cases, ages 1 to 3 years, in which morphologic evidence of pulmonary hypertension was present and arteriosclerosis could not be demonstrated.
Role of rate of blood flow in the production of pulmonary arteriosclerosis: Increased rate of pulmonary blood flow was probably present ili most of the cases of left-to-right shunt, at least prior to the terminal illness. It was impossible in this study to accurately evaluate changes in rate of flow as a factor in producing pulmonary arteriosclerosis. If we assume the rate was generally increased in patients with left-to-right shunt and decreased in pulmonary stenosis, we must conclude that increased rate of flow could not be the primary factor. However, recent experim-iental studies of Li e)ov2" have shown that an increased pulmonary blood flow can exist in the presence of pulmonary stenosis through expanded anastomoses between bronchial and pulmonary arteries. How frequently the pulmonary blood flow in cases with pulmonary stenosis is in fact raised to or above normal by this collateral supply is not known.
Origin of thrombi: The incidence of pulmonary arterial thrombi is approximately the same in patients having congenital heart disease with either left-to-right shunt or pulmonary stenosis. Polycythemia was present in all but one of the cases of pulmonary stenosis from which erythrocyte counts were available and absent in most of the patients with left-toright shunt. This fact suggests that polycythemia is not of primary importance in the production of thrombi in patients with these anomalies. Furthermore, since it can be reasonably assumed that the rate of flow through the pulmonary arteries was much greater in patients with left-to-right shunt than in those with pulmonary stenosis, rate of flow also must not have been of primary importance in the production of thrombi. The number of cases in which obvious sources for emboli were demonstrated suggests that these pulmonary arterial thrombi may all be of embolic origin. MIore thorough autopsy examination of such patients may reveal an even higher incidence of sources.
Arteritis: The acute inflammatory lesions of arterial walls seen occasionally in this study ( fig. IB) were considered to indicate a reaction to an intraluminal thrombus, and could have been responsible for some of the destruction of media found beneath the plaques. These inflammatory lesions were similar to some of those reported by others as examples of pulmonary polyarteritis nodosa. 1 However, lesions in our cases lacked the distinctive features of polyarteritis. Furthermore, the similarity of the lesions in our cases to those produced in experimental animals3 by emboli enables us to eliminate polyarteritis from serious consideration.
SUMMARY AND CONCLUSIONS Thromboembolism, pulmonary hypertension and increased rate of flow have been assessed as factors in the production of pulmonary arteriosclerosis. A study was made of autopsy records and tissue sections from 59 cases of congenital heart disease with anomalies permitting shunting of blood from the systemic to the pulmonary circulation (left-to-right shunt), 31 cases with pulmonary stenosis and septal defect (mostly tetralogy of Fallot) and 39 "'normal" controls. The following conclusions were reached.
1. Pulmonary arteriosclerotic lesions are very frequent in congenital heart disease whether a left-to-right shunt or pulmonary stenosis is present.
2. Pulmonary arterial thrombi are similarly frequent (23 and 39 per cent) in cases with left-to-right shunt or with pulmonary stenosis.
3. The high (approximately 70 per cent) association of thrombi and arteriosclerosis, regardless of the type of anomaly present, indicates that organization of thrombi may be the primary factor in these cases.
4. Evidence for the embolic origin of the pulmonary arterial thrombi is presented.
5. A series of lesions is presented indicating the probable stages in the transformation of a fresh thrombus to an arteriosclerotic lesion. 6 . It is unlikely that hypertension and increased rate of pulmonary blood flow are primary factors in the production of pulmonary arteriosclerosis. But the severity of arteriosclerotic lesions is greater in cases with left-to-right shunt than in those with pulmonary stenosis, suggesting that increased pressure and blood flow in these vessels may be etiologic factors of accessory importance.
SUMMAR1o IN INTERLINGUA Thromboembolismo e hypertension pulmonar ha essite designate como factores in le production de arteriosclerosis pulmonar. Nos ha executate un studio de protocollos autoptic e de histosectiones ab 59 casos de congenite morbo cardiac con anomalias que permitteva le derivation del sanguine ab le circulation major verso le circulation minor e ab 31 casos de stenosis pulmonar con defecto septal. Arteriosclerosis pulmonar esseva commun e de frequentia equal in le duo gruppos, lo que indica que hypertension non es un factor necessari. Ii existeva un alte correlation inter FACTORS IN PULMONARY AIRTERItIOSCISROSIS le presentia de thrombos del arteria pulmonar e arteriosclerosis pulmonar.
